In order to characterize and optimize the beam emittance compensation scheme ͓L. Serafini and J. B. Rosenzweig, Phys. Rev. E 55, 7565 ͑1997͔͒ of the Sorgente Pulsata Autoamplificata di Radiazione Coerente project ͓D. Alesini et al., Nucl. Instrum. Methods Phys. Res. A 507, 345 ͑2003͔͒ high brightness preinjector a system to accurately measure the beam rms emittance evolution downstream of the rf gun has been developed. Since in a space charge dominated beam the quadrupole-scan method is not applicable, a movable emittance measurement device has been built based on the pepper-pot technique. The device consists of a double system of horizontal and vertical slit arrays and a downstream screen, all installed on a longitudinally movable support equipped with bellows and spanning the Ϸ1.2 m long drift space between gun and first accelerating section. The system allows the measuring of the beam rms emittance all along the spanned region so as to accurately reconstruct its evolution along the beam trajectory. More than a simple improvement over more conventional beam emittance measurement tools this device defines a new strategy for characterizing high performance photoinjectors as it allows a detailed analysis of the beam behavior over a section of the accelerator where crucial beam shaping takes place. Numerical simulations of the measurement, mainly based on PARMELA ͓J. Billen, PARMELA Report No. LA-UR 96-1835, 1996 ͑unpublished͔͒, have been used to estimate the achievable accuracy and to optimize the experimental setup. Wake field effects induced by the beam propagation through the bellows have also been investigated with HOMDYN ͓M. Ferrario et al., LCLS Report No. SLAC-PUB 84000, 1999 ͑unpublished͔͒. A series of laboratory tests to evaluate its performance has been carried out at LNF in Frascati. The system was then moved to DESY Zeuthen and installed on the Photo Injector Test Facility PITZ, for further testing with beam. Design criteria and tests carried out to evaluate the device performance are discussed.
I. INTRODUCTION
The aim of the SPARC project is to develop a very high brightness photoinjector suited to drive a SASE-FEL. The 150 MeV SPARC photoinjector gun is equipped with a 1.6 cell, S-band ͑2.856 GHz͒ rf gun of the BNL/UCLA/SLAC type with metallic photocathode. The peak field at the cathode is 120 MV/ m. It is designed to generate 5.6 MeV, 100 A, 1 nC, 10 ps bunch duration beam. The beam is then conditioned and matched into three SLAC-type accelerating sections, which boost its energy to 150-200 MeV. The first phase of the SPARC project foresees systematically measuring the beam rms emittance all along a 1.2 m long drift space following the rf gun, where the emittance space charge compensation process takes place.
Relevant beam parameters, such as the beam envelope, are measured at different distances from the cathode in order to optimize the injector settings and to validate the simulations ͑Fig. 1͒. Therefore, a dedicated, movable ͑in z͒ emittance measurement device ͑emittance meter͒ which is capable of measuring the beam rms emittance almost continuously in the range from about z =83 cm to z = 210 cm has been designed and built.
The technique used to measure the beam emittance and the lattice Twiss parameters, in both the horizontal and the vertical plane, is based on a double system of horizontal and vertical slit arrays, followed by a screen forming an optical image of the beam projected cross section. Numerical simulations of measurements with the device, mainly using ad hoc simulation codes and PARMELA beam dynamics calculations, have been performed 1 in order to optimize the mechanical design and the overall system performance. In the framework of a collaboration between INFN and DESY on low emittance injector theory and operation, the device, after bench testing and calibration at LNF, was moved to DESY Zeuthen and installed on PITZ for a first test with beam.
II. SYSTEM DESIGN
The technique to measure 2 the beam rms emittance consists in splitting the beam into several "beamlets" by means of a multislit mask intercepting the beam ͑Fig. 2͒. The beamlets then drift towards a detector screen. Alternatively, a single slit can be moved across the beam spot. It is essential to design the apparatus so that the slits split the incoming beam size, largely determined by space charge, into emittance-dominated beamlets. If the screen response is linear, the light intensity integrated over any beamlet spot on screen is then directly proportional to the number of particles in the beamlet. The rms unnormalized beamlet emittance value is then given by
where p is the total number of slits, n j is the particles in the beamlet from the jth slit, x sj is the position on the jth slit on the slit mask, x is the mean position of all the beamlets, x j Ј is the mean divergence on the jth beamlet, xЈ is the mean divergence of all beamlets, and x j Ј is the rms divergence of the jth beamlet.
A view of the apparatus is shown in Fig. 3 . Two 1.5 m long bellows allow two crosses, carrying the slit masks and the screen, to be moved along the region where the most relevant part of the emittance compensation process occurs. Because beam size and divergence depend on the longitudinal position, the slit-to-screen distance must be properly adjusted in order to optimize the accuracy of the beamlet profile measurement. For instance, when slits are placed where the Twiss parameter ␣ is close to zero ͑highly collimated beam͒ a longer distance is needed in order for the beam size at the slits to be sufficiently large compared to the slit width. The opposite situation occurs when the beam is strongly diverging. When using a multislit device the distance must be short enough for the beamlets' size not to grow to the point where neighboring ones start to overlap on screen. When using a single slit, the slit mask-to-screen distance should not exceed the point where the accuracy of the measurement decreases due to the reduced signal-to-noise ratio at the detector.
A bellow is therefore interposed between the slit masks and the screen, allowing their relative distance to be changed from 20 to 40 cm, a range shown by simulations to produce the required accuracy under all explored scenarios.
In order to achieve this flexibility, a first linear actuator can move the slit measurement system ͑the two crosses installed between the two long bellows͒ longitudinally over Ϸ120 cm while a second, shorter linear actuator mounted on top of the previous one can independently move the cross housing the detector screen. The slit mask-to-screen distance can thus be changed while keeping the masks at a fixed position with respect to the gun.
In order to steer the electron beam in both the x and y planes, magnetic steerers are clamped around the upstream emittance-meter flange. To complete the information on beam quality the emittance meter is followed by a magnetic spectrometer, measuring the beam energy and energy spread.
A. Slit masks
To measure the beam rms emittance in both the horizontal and the vertical plane, two slit masks are mounted on two independent holders at 90°to each other. In order for a slit mask to stop the intercepted portions of the 5.6 MeV electron beam, slits are machined into a 2 mm thick tungsten plate. The slit width is chosen to be 50 m as a compromise between two main requirements. The first is that the space charge contribution to emittance growth in beamlets exiting the mask is negligible. The second allows a letting through of sufficient charge in order to obtain a large enough signalto-noise ratio at the detector.
Furthermore, the ratio of plate thickness to slit width limits the slit angular acceptance, i.e., the maximum divergence of the selected particle trajectories. Care was therefore taken not to make the acceptance smaller than the beam maximum angular divergence or else particles would be selected according to both angle and position rather than to position only.
Simulations running 450 000 particles through PARMELA show that the expected charge of beamlets emerging from a slit mask varies from approximately 60 to 100 pC and prove that residual individual beamlet space charge effects are, in fact, negligible over the accessible z range ͑Fig. 4͒. Individual slits are obtained by stacking precisely machined C-shaped tungsten slabs, as shown in Fig. 5 . The resulting multislit mask is an array of seven 50 m slits separated by 500 m. Two separate single slits, 50 m and 100 m wide, respectively, are also included in the mask ͑Fig. 5͒.
A first prototype of the slit array did show that the average width of seven out of nine manufactured slits, measured by using a profile projector, was within the 5 m specified tolerance. Nevertheless, a more accurate optical microscopy analysis evidenced that irregularities of the profile, due to the roughness of the edges, did in some cases locally exceed 10% of the nominal width.
Photochemical etching ͑machining͒ was therefore investigated as an alternative slit manufacturing method. Microscopic analysis of a second set of slits manufactured by this more precise process did, in fact, show more uniform widths, improved edge smoothness, and far fewer local irregularities ͑Fig. 6͒.
Local widths of each slit were measured at several different positions by averaging over a sampling window 300 m wide ͑see Fig. 6͒ . An overall average slit width was then determined as the average of the above averages. Deviations of the latter figure from nominal ͑50 or 100 m͒ were not significantly different for the two sets of differently machined slits. However, deviations of local widths from the overall average slit width did reach up to ±3 m for the first set while they stayed below ±1 m for the photochemically machined ones.
Despite the fact that the contribution of the above quoted slit width errors to the error on the transverse emittance value ͓computed using Eq. ͑1͔͒ was found to be only of the order of 1%, it was finally decided to use the etched slits mainly in order to have fewer rejects.
The main advantage of a multislit mask is the possibility to perform single-shot measurements that are not affected by 
093301-
possible shot-to-shot beam fluctuations. On the other hand it might not be adequate for measuring a tightly focused beam ͑in proximity of a beam waist͒ when the number of beamlets emerging from the multislit mask becomes insufficient for a good phase space reconstruction, as illustrated in Fig. 7 . In such cases only a continuous scan through the beam using one of the single slits mentioned above will provide adequate sampling. Such a measurement is not single shot and possible beam intensity and shape fluctuations must be taken into account. Precise alignment of the normal to the mask plane with respect to the beam axis is critical because any misalignment reduces the effective slit width seen by the beam. Following detailed simulations, the mechanical support of the cross housing the slit masks was therefore designed to allow for fine tilt adjustments.
B. Screens and imaging system
The detector screen must fulfill two main requirements: it must respond linearly to the beam charge in the range of up to a few tens of picocoulombs and guarantee a spatial resolution better than 20 m. The light collecting optical system must also be designed for the same resolution.
Several radiators were considered: ͑1͒ optical transition radiation ͑OTR͒ radiators, such as aluminum foils, provide both high resolution and perfect linear response but have too low efficiency for this application and ͑2͒ doped-YAG ͑yt-trium aluminum garnet͒ radiators, either crystals or sintered screens, provide high resolution and high efficiency. The performance of a Ce:YAG crystal was compared to that of a Cr-oxide radiator ͑previously used by our group for other applications͒ by installing both on the same diagnostic station of the double annular ⌽-factory for nice experiments ͑DAFNE͒ Beam Test Facility.
Radiation emitted in the forward direction by the Ce:YAG crystal is collected by a 45°mirror downstream from the radiator so that the back face of the transparent crystal is observed. This minimizes the possible degradation of spatial resolution due to the crystal non-negligible thickness.
The comparison was made under several different beam conditions, within the range of values expected for the SPARC injector. No evidence of any radiator nonlinear response to light intensity was found when varying the charge density of the beam in the range of values ͑a few tens of picocoulomb per beamlet͒ expected from the SPARC injector. Overall results do nevertheless show that the performance of the Ce:YAG is superior: efficiency is a factor of 2-3 higher and resolution is much better, as one can see by comparing the two pictures of Fig. 8 .
The Ce:YAG crystal detector was therefore finally selected. Images are acquired using digital charge coupled device ͑CCD͒ cameras ͓Basler 311 ͑Ref. 4͔͒ equipped with simple 105 mm "macro-type" objective. Such cameras offer the advantage that the signal is digitalized directly inside the camera so that there is no need for a frame grabber. Furthermore, the digital output signal is less sensitive to environmental noise and the IEEE1394 ͑firewire͒ link allows for simpler cabling topology because it carries both pixels readout and commands to the camera.
In SPARC they will be part of a larger system, including cameras needed for other optical diagnostic stations, based on solutions developed for the TTF VUV-FEL. 5 During preliminary beam tests, magnification and resolution of the system were set to fit the PITZ setup as follows: distance of the CCD from the object ͑the radiator surface͒ 30 cm, computed magnification 1:1.7, and measured resolution of the optical system 17 m ͑Fig. 9͒. The imaging system setup to fit the SPARC setup ͑cali-brated during bench tests at LNF͒ did exhibit a resolution better than 11 m.
C. Bellows
Possible effects on beam quality of wake fields in the 1.5 m long bellows corrugated structure, especially when the beam is not well aligned the on axis, have been investigated using the code HOMDYN. 6 The graph in Fig. 10 shows the percentage variation of beam rms emittance ͑at positions z = 150 cm and z = 200 cm from the cathode͒ for different values of the beam transverse position with respect to the bellow axis. In the worst case of 1 mm trajectory misalignment, the contribution of the wakes to the emittance blowup is less than 0.05%, thus practically negligible. The computed energy spread blowup due to the beam passage through the long bellows is shown in Fig. 11 . The effect is also negligible.
D. Motors and actuators
Linear actuators with stepper motors are used to control the insertion of screens and slit masks into the beamline. A differential encoder and a reference end switch guarantee reproducibility of the movement to better than 2 m, a value which is compatible with the resolution needed for multishot measurements using a single slit. More powerful brushless motors are used to move the complete emittance measurement system longitudinally, in between the two long bellows, and to vary the distance between slit masks and screen. Absolute position values can be obtained from, or checked against, those given by position transducer potentiometers.
The cross housing the two slit masks can be tilted around both the x and the y axis to adjust its alignment with respect to the beam. A 200 steps per turn stepper motor drives each movement. Microstep movements ͑256 microsteps per step͒ are also available; their resolution and accuracy have been checked to be ⌬ Ͻ 2.5 rad, compatible with the needed angular resolution. If needed further improvements are possible by fine tuning the mechanical assembly.
E. Energy and energy spread measurement
To measure beam energy and energy spread a magnetic spectrometer is installed downstream from the emittance meter. It consists of a quadrupole doublet followed by a 20°s ector magnet and a screen for measuring the beam transverse distribution. 450 000 particles have been tracked with PARMELA to estimate the beam transverse distribution at the screen for the nominal SPARC photoinjector settings ͑Fig. 12͒. The simulation result shows a beam envelope with x = 3.53 mm and an energy spread ⌬E / E = 2.25%, the dispersion being D x = 0.15 m. During operations energy spread can be measured by using beam size calculated from the beam transverse distribution at the spectrometer screen. For the beam in Fig. 12 we obtain 
F. Controls and digital cameras
The SPARC emittance meter has its own control and acquisition system based on two personal computers ͑PCs͒. One is installed in the accelerator tunnel ͑running control applications͒ and the other is installed in the control room ͑running display and measurement programs͒. Motors are controlled via controller area network ͑CAN͒ bus or RS232 serial interfaces. The computer running control applications communicate with motor controllers via network using a network serial-port server. The computer in the accelerator tunnel will control digital cameras via an IEEE1394 interface. High-quality IEEE1394 cables will be used to extend the physical link between the computer and a digital camera to 10 m ͑4.5 m being the standard͒, thus simplifying cabling and installation of components.
III. RESULTS OF PRELIMINARY COMMISSIONING
The SPARC emittance meter was installed at the far end of the upgraded PITZ beamline 7 ͑in between the "booster" accelerating section and the electron beam spectrometer, see Fig. 13͒ and was commissioned from the beginning of July 2005.
The first of the two two-week shifts was dedicated to optimizing settings and fixing minor problems. Next started the characterization of the apparatus, both at low beam energy ͑Ϸ5 MeV͒ and at Ϸ13.5 MeV; it included reproducibility checks under different beam conditions and optimizations such as adjustment of the slit mask-to-screen distance ͑Fig.
14͒.
Although commissioning of the upgraded PITZ facility was still in progress, preliminary measurements did produce values of transverse emittance ͑around 2 mm mrad, depending on the injector settings͒ in agreement with those obtained using the PITZ emittance measurement system EMSY. 8 Furthermore, data on its variation along the beamline were compatible with those expected for the various accelerator settings used. The results indicate that the emittance-meter performance is as expected and indeed evidenced the unique features of the movable measurement system.
IV. DISCUSSION
The SPARC emittance meter has been built to perform a detailed study of the emittance compensation process in the SPARC photoinjector, in order to optimize the rf gun and accelerator settings. Positioning the measurement system ͑based on the so-called "pepper-pot" method͒ between two long bellows allows scanning a region Ϸ1.2 m long downstream from the rf gun.
Simulation codes have been used to study the layout and the mechanical design of the apparatus. Mask thickness, slits width, drift length between mask and screen, single slit versus multislit option, alignment errors, etc., have been studied to optimize the design and define the device performance. Construction was completed and the device bench tested in spring 2005 at LNF, installed on the Photo Injector Test Facility PITZ, and commissioned with beam in July-September 2005. Although commissioning of the upgraded PITZ facility was still ongoing, preliminary emittance measurements have been obtained showing good agreement with simulations.
The apparatus was brought back to Frascati in early autumn 2005 and installed on the SPARC photoinjector.
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